The textile industry produces large volumes of wastewater that requires appropriate treatment before being released into the environment. Research globally has focused on advanced desalination technologies to augment the limited freshwater resources. Forward osmosis (FO) technology has gained substantial interest as a possible lower-energy desalination technology. However, challenges such as the availability of effective draw solutions (DS) have limited its implementation. This study evaluated alternative feed water resources and assessed the potential of dye solutions as DS. The aim is to dilute a concentrated dye DS to a target concentration for direct dye-batch use, thereby reclaiming water resources. The measured osmotic pressure (OP) of the alternative feed solutions (synthetic brackish water; syntethic seawater; seawater from the Atlantic and Indian Oceans; and wastewater from two textile factories) were 414, 2 761, 2 580, 2 614; 1 716 and 7 822 kPa, respectively. Three basic dyes (Maxilon Turquoise, Red and Blue) and three reactive dyes (Carmine, Olive Green and Black) were selected based on common use in the South African textile industry. The dye samples were prepared without and with salt at different concentrations and different dye-to-salt mass ratios ranging from 1:10 to 1:60. The OP trends for the basic dyes followed Blue >> Red > Turquoise and for the reactive dyes Black >> Olive > Carmine. The overall OP trend was Black > Olive > Carmine > Blue > Red > Turquoise. The OP at different dye concentrations and different dye-to-salt ratios was mostly influenced by the dye chemistry and molecular weight (Mw) rather than the type of dye, i.e., reactive vs basic.The OP trend for the dye-to-salt ratios was 1:60 > 1:50 > 1:40 > 1:30 > 1:20 > 1:10. For both the basic and reactive dyes a linear relationship exists between OP and dye concentration; as well as between OP and Mw. The dye DS exhibited larger OP compared to that of the FS evaluated, thus rendering them suitable DS.
INTRODUCTION
The South African (SA) population has grown from 36 million in 1990 to an estimated 55 million in 2016, according to the latest census. SA's water and energy resources are under immense pressure due to its growing population, expanding economy and changing rainfall patterns (Von Bormann and Gulati, 2014) . It has been predicted that SA will suffer serious water shortages by 2020 (Fioramonti, 2015) . The Western Cape is currently experiencing one of its worst droughts in decades (with Level 6b water restrictions from 1 February 2018) and the entire SA previously experienced immense load shedding during 2015 due to energy shortages. It has been reported that SA is already using 98% of its available water supply and 40% of its wastewater treatment is in a critical state (Fioramonti, 2015) . The mismatch between water supply and water demand; energy supply and energy demand; the deteriorating infrastructure; loss of essential skills; deteriorating educational pipeline; the deterioration in the quality of water and energy shortages are all potential threats and key concerns. Thus, there is a strong demand for low-energy and low-cost water treatment methods. The growing awareness of water scarcity and energy shortages in SA has sparked a renewed interest in finding suitable and sustainable solutions.
Global research has so far mostly focused on advanced technologies, such as desalination, to augment the limited freshwater resources. Increasingly the preferred seawater desalination method is the pressure-driven reverse osmosis (RO) membrane technology (Cohen-Tanugi et al., 2014) , which accounts for about 59% of total seawater desalination plant capacity installed over the past 20 years (Desaldata, 2014) . However, desalination technologies such as RO are still energy intensive (McGovern, 2014; Phuntsho, 2012; McGinnies and Elimelech, 2008; Semiat, 2008) . Due to the growing global water scarcity; rising energy demand; rising energy cost; and negative environmental impacts, osmotically driven processes such as foward osmosis (FO) have gained renewed interest. FO technology could play a major role in solving the water scarcity and energy issues through alternative water sources such as saline water sources and wastewater reclamation (Sing et al., 2018; Hey et al., 2017; Hey et al., 2016a; Hey et al., 2016b; Phuntsho et al., 2012) . If the performance evaluation of this technology is positive, the impact of this technology would be significant for a droughtstricken country like SA, where saline water is abundant in the form of seawater along the coastal areas and brackish groundwater in the inland areas.
Forward osmosis (FO)
FO was first developed in 1968 by Popper et al. but did not really advance until recently due to the lack of suitable semipermeable FO membranes and effective draw solutions (DS). Since then FO has shown good performance in a variety of 259 applications, such as in concentrating nutrient-rich drinks (Garcia-Castello et al., 2009; Yang et al., 2009; Cath et al., 2006) , and water and wastewater treatment and purification (Korenak et al., 2017; Achilli et al., 2009; Cornelissen et al., 2008; Shannon et al., 2008) ; it is also attracting attention as a potential technology to augment water supplies using seawater/brackish water desalination (Choi et al., 2009; Cath et al., 2006) and wastewater (Cartinella et al., 2006; Cath et al., 2005) .
FO is attracting more interest in novel areas where separation and recovery of the draw solution (DS) is not necessary (McGovern, 2014; Phuntsho et al., 2014; Jung, 2013; Phuntsho 2012; Phuntsho et al., 2011) . Some of the apparent advantages are that (i) by virtue of being an osmotically driven process and not a hydraulic pressure process, the propensity for fouling is lower and physically reversible (Shaffer et al., 2015; Phuntsho, 2012; Achilli et al., 2010; Mi and Elimelech, 2010; Lay et al., 2010; Tang et al., 2010; Choi et al., 2009; McGinnies and Elimelech, 2008; McGinnies and Elimilech, 2007) ; (ii) higher fluxes with recent developments in FO fabrication of thin film composites (TFC), carbon nanotube (CNT) and biomimetic membranes that provide lower concentration polarisation (Shaffer et al., 2015; Tang et al., 2015; Zhao et al., 2012a; Zhao et al., 2012b; Zhao et al., 2013; Wang et al., 2010; Yip et al., 2010; Gethard et al., 2011; Schnorr and Swager, 2011); and (iii) where the separation and recovery of the DS after desalination is irrelevant this technology offers a significant advantage over other desalination technologies such as RO (Phuntsho et al., 2012; Phuntsho et al., 2011) . However, FO is still limited due to challenges related to water flux; reverse solute flux; lack of suitable FO membranes; fouling for high flux membranes; concentration polarisation; the identification of alternative non-conventional water sources as feed solutions (FS) and limited choices of draw solutes (Akther et al., 2015; Braekevelt et al., 2015; Shaffer et al., 2015; Chung et al., 2012) . It is the latter challenge that this paper attempts to address.
Draw solutions (DS)
The driving force in the FO operation is generated by passing a concentrated solution across the permeate side of the membrane. The concentrated solution is commonly referred to as the draw solution (DS) (Korenak et al., 2017; Wang et al., 2012; McCutcheon and Elimelech, 2006 ). An ideal DS needs to fulfil requirements, such as, the generation of a high osmotic pressure (OP) greater than that of the feed solution (FS); the reverse flux of the draw solute must be minimal; regeneration of the DS has to be economical; and a DS is preferred to have a low molecular weight and low viscosity to reduce concentration polarisation (Korenak et al., 2017; Shaffer et al., 2015; Wicaksana et al., 2012; Ge et al., 2013; Klaysom et al., 2013; Achilli et al., 2010; McCutcheon and Elimelech, 2006; McCutcheon et al., 2005 ).
An overview summary of the many studies on DS that have been performed over the past few decades was published recently by Korenak et al. (2017) . McGovern (2014) argued that FO research should refocus away from seawater desalination towards alternative applications where salinities are above those which RO cannot handle (i.e. applications that do not compete with RO), toward alternative novel applications where DS regeneration is not required, and toward finding alternative water sources (i.e. new novel water sources) that would result in significant reduction of freshwater usage.
Application of FO in the SA textile industry
In 2013 the clothing and textile, footwear and leather industry contributed around 8% of SA's GDP. The domestic textile industry can be found mostly in the Western Cape and KwaZulu-Natal (both along the coast where abundant seawater is available), with only some activity occuring in Gauteng. According to the Textile Federation, the SA textile industry (including both textiles and apparel) is the 6 th -largest manufacturing sector employer and the 11 th -largest manufactured goods exporter. These industries are also usually one of the largest sectors in terms of value added in manufacturing, and for these reasons the SA government considers it to be a very important part of the economy (Truett and Truett, 2010) . The quantity of water required for textile processing is large and varies between factories, depending on the fabrics produced and processed, and the water used is usually returned to the ecosystem without treatment.
As freshwater becomes scarcer, and treatment costs are escalating, the obvious means to solve the crisis are (i) to cut down the consumption of freshwater at all possible stages of processing, and (ii) reuse of wastewater in place of freshwater in certain operations. The latter option is gaining importance due to the dual advantages incurred, namely, the reduction in water consumption and lower quantities of wastewater generated. With the backing from top management, reuse of wastewater could result in large reductions of water consumption (Chougule and Sonaje, 2012) . Developing water reclamation plants makes it possible to reuse water from textile finishing directly from the source of pollution. FO using a semi-permeable membrane may be a viable alternative to RO as a lower-cost and more environmentally friendly wastewater treatment, water reclamation or desalination technology.
The FO research at Cape Peninsula University of Technology (CPUT), SA, in collaboration with the University of Maribor, Slovenia, will work on the evaluation, understanding and development of the emerging FO technology within a SA context, more specifically within the textile industry, with the focus on significant reductions in the use of freshwater resources, increased water reclamation and reduced energy consumption. The research will aim to evaluate, understand and build knowledge around FO using alternative water sources for unique SA solutions. The focus of this paper is on evaluating the potential of (i) different dyes used in the clothing and textile industries in SA (specifically the Western Cape textile industry) as suitable draw solutions (DS), and (ii) alternative water resources as suitable feed solutions (FS). From the information presented in this paper, dye DS at specific concentrations and specific dye-to-salt ratios as well as selected alternative feed water solutions will be tested in a FO system with a dual purpose, i.e., to dilute a concentrated dye draw solution to a target concentration that can be used directly in the dyeing process, while at the same time reclaiming water from the alternative feed water resources. A follow-up article will report on the performance of selected dyes as draw solutes against selected feed water resources using a semi-permeable FO biomimetic membrane.
METHODS Feed solutions (FS)
Deionized water (DI) was used as the control solution.
Alternative FS that have been tested so far include (i) brackish 
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water consisting of 5 000 mg/L NaCl (BW5); synthetic seawater consisting of 35 000 mg/L NaCl (SSW), actual seawater from the Atlantic (Clifton 4 th beach, Camps Bay and Seapoint beach) and Indian Oceans (Gordon's Bay, Strand Point A and Strand Point B) (AOSB and IOSB); as well as wastewater from two textile factories (TWW). With a large portion of the South African textile industry located in the Western Cape and KwaZulu-Natal (both coastal cities), seawater was evaluated as a feed water option for coastal industry applications and brackish water as an option for inland industries.
Draw solutions -textile dye solutions
The dyes that were tested as DS for the textile industry study are listed in Table 1 . The three basic and three reactive dyes were identified from a list of commonly used dyes within the textile-dyeing industry and were sourced from Colorite (SA). Basic dyes, also known as cationic dyes, were selected as they are usually applied to wool, silk, cotton and acrylic fibres. Reactive dyes were chosen as they are used worldwide for the colorisation of cotton fabric due to their ease of applicability, cost, and high wet-fastness properties. Charge repulsion negatively affects reactive dyes, which are generally anionic when used with cellulosic fibres (such as cotton and linen), which when in water also have an anionic surface charge. An electrolyte in the form of salt, which surrounds the fabric, is normally added to overcome this repulsion and helps the dye to have a greater affinity for the fibre. The salt only aids the dyeing proces, and is discharged again in the textile wastewater (Rahman Bhuiyah et al., 2014; Zhang and Yang, 2003; Houshyar and Amirshahi, 2002) . The salt used in this study was NaCl sourced from Merck (SA). Table 1 summarises the dyes' chemical formula, chemical structures and molecular weights (M w ). The OP and performance of the dye DS were comparatively studied at different concentrations ranging between 0 and 0.2 mol/L (M). These dyes were mixed with salt in various dye-to-salt mass ratios ranging from 1:10 to 1:60.
Osmotic pressure (OP) measurements
The osmotic pressure (OP) of the FS and DS were measured in duplicate using a Genotec Osmometer (Osmomat 3000; Scientific Group, Germany). The results reported are the averaged values. The measurements from the osmometer were in mOsmol/kg. The osmometer units were converted to OP (kPa) using Eq. 1 (Wijayasiri and McCombe, 2016): 
where R = Universal gas constant (8.314 J/mol·K); n/V = osmolality (mOsmol/kg·H 2 O); T = absolute temperature (K)
Forward osmosis experimental setup
Preliminary FO experiments were conducted to assess the performance of a selected dye as a draw solute using a bench-scale CFO42D FO cell (Sterlitech Corporation, USA). Two identical variable speed Watson Marlow 323S peristaltic pumps (Dune Engineering, South Africa) were used for the circulation of the feed solution (FS) and draw solution (DS) counter currently at a volumetric flow rate of 600 mL/min. Since there was no hydraulic pressure difference across the membrane; the driving force was the osmotic pressure gradient (ΔOP) between the FS and DS. From the data presented, the Reactive Black 5 dye solution was selected to be used as draw solute at a 1:10 dye-to-salt mass ratio and an initial concentration of 0.02 M. The 1:10 dye-tosalt ratio was selected on the basis of a recipe received from a textile industry. The salt (NaCl) was sourced from Merck (South Africa). The aim was the production of a Reactive Black dye solution diluted to a target concentration of 0.004 M. These target concentrations were based on dye recipes received from the textile industry.
Deionised water (DI) was used as a control FS. The experiments were conducted at room temperature (22 ± 0.5°C). The initial volume of the FS and DS was 2 L and 1 L, respectively. During experimentation, the weight change of the FS was recorded manually using a Labex, WA606 mass balance (Labex, South Africa) at 1 h intervals. The osmotic pressure of the FS and DS was measured using a Gonotec Osmomat 3000 Osmometer (Scientific group, Germany). The control experiments were conducted in duplicate and were carried to osmotic equilibrium (OE) in order to evaluate the maximum feed water recovery rate.
A semi-permeable Aquaporin A/S biomimetic FO membrane (Aquaporin, Denmark) was used for the preliminary study. The membrane was placed in the FO orientation mode.
The feed water recovery rate, R e (%), is the amount of water permeated per unit time and was calculated using Eq. 1 (Han et al., 2016) :
where V f,i is the initial volume (L) and ΔV is the change in volume of the feed (L).
RESULTS AND DISCUSSION

Osmotic pressure (OP) of alternative feed solutions (FS)
Table 2 provides the OP of possible alternative FS options available in SA. The synthetic seawater (SSW) with 35 000 mg/L NaCl generated an OP of 2 761 kPa, while the OP for synthetic brackish water with 5 000 mg/L NaCl (BW5) generated an average OP of 414 kPa, due to its relatively lower salinity. The seawater collected from the Atlantic Ocean seaboard (AOSB), containing an average of 30 400 mg/L NaCl, produced an average OP of 2 580 kPa. The seawater collected from the Indian Ocean seaboard (IOSB), containing an average of 50 292 mg/L NaCl, produced an average OP of 2 613 kPa. The OP for SSW and BW5 obtained in this study was of the same order and magnitude as that reported in literature which was determined using software from OLI Stream Analyser 3.2 (OLI Systems Inc., Morris Plains, NJ, USA). The measured OP compared very well with OP reported in literature (Akther, et al., 2015; Phunthso, 2012; Phunthso et al., 2011) , while the variations in the OP from literature compared to that measured in this study was attributed to the difference in analytical methods used and the composition of the solutions. The OP of textile wastewater (TWW) from two factories in the Western Cape (SA) was analysed. The TWW from Factory 1 and 2 were generated from processes using different dyes; production processes and dye recipes, resulting in significantly different OP of 1 716 and 7 822 kPa, respectively. 
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Dye solutions as potential draw solutions (DS)
Reactive and basic dyes were initially considered for selection as dye DS. Figure 1 illustrates the averaged measured OP for both the basic and reactive dyes as DS against the alternative FS that was evaluated for this part of the study. The effect of dye concentration on the OP was investigated firstly for dyes without any added salt. For the basic dyes the OP increased, with an increase in M w with the Blue dye (M w of 482 g/mol) generating the highest OP of more than 8 000 kPa (80 atm) at a concentration of 0.2 M, while Turqouise (M w of 395 g/mol) only generated around 2 000 kPa (20 atm) at 0.2 M. The results indicate a linear relationship between the basic dye concentration and OP. The effect of M w on measured OP is evident. The dye DS should exhibit a greater OP than the target alternative FS (Phunthso, 2012) . Comparing the OP of the dyes as possible DS to the OP of the possible FS it can be seen that the different dyes can only be considered as DS at initital concentrations where the OP is higher than that of the selected FS. For example, when Olive Green is used as the DS the only FS from those evaluated that can be used is BW5. If the Blue dye is used as the DS then BW5 and SW can be used as the FS. Figure 1 also includes the OP of textile wastewater (TWW) as possible FS. This wastewater was generated during dyeing processes using Carmine (TWW-Carmine) and Olive Green (TWW-Olive) in the dyeing vats. If the textile wastewater (TWW-Olive) is used as the FS to reclaim water then the only dyes from those that were evaluated that can be used as the DS are Blue and Carmine with initial concentrations above 0.15 M and 0.17 M, respectively.
Regardless of the application, any DS should exhibit inert, neutral and non-toxic properties (Klaysom et al., 2013; Wicaksana et al., 2012; McCutcheon and Elimelech, 2006) . The DS should not react chemically with the feed solutes to form undesirable products that could hamper the osmotic process or the ultimate use of the product water. For the dye solutions evaluated in this study it was demonstrated that these dyes could be suitable DS as it complies with these DS requirements.
Osmotic pressure (OP) of dyes combined with salt in different mass ratios
Reactive dyes used in the dyeing of cotton fabric using conventional dyeing processes generally require large amounts of salt to help drive the dye onto the fabric. Therefore, further studies were conducted where these dyes were combined with salt in different dye-to-salt mass ratios. Figures 2 (a) to (f) represent the OP of dye stuffs at different concentrations combined with salt in different mass ratios. The effect of dye concentration and chemistry on the OP was investigated for dyes at different concentrations mixed with salt in different mass ratios. For both the basic and reactive dyes the OP increased with concentration and with increasing dye-to-salt ratio. The OP for the basic dyes followed the trend of Blue >> Red > Turquoise, which is the same order observed for the M w trend with Blue (482 g/mol) >> Red (402 g/mol) > Turquoise (359 g/mol). The OP for the reactive dyes follows the trend Black >> Olive > Carmine which is also the same order of the M w trend with Black (991 g/mol) >> Olive (585 g/mol) > Carmine (492 g/mol). The OP for the basic dye Blue (M w : 482 g/mol in Fig. 2a ) is similar to the OP range for the reactive dye Carmine (M w : 492 g/mol in Fig. 2d ). The OP of the dyes combined in the salt ratios generated higher OP than the dyes with no salt in Fig. 1 . 
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Based on Figs 2 and 3 it was concluded that the OP of the dyes at different concentrations and different dye-to-salt mass ratios is closely related to dye chemistry and M w rather than the type of dye (i.e reactive vs basic). This is further supported and demonstrated in the correlations seen in Fig. 4 , which demonstrates the relationship between the OP and M w . Figure  4 As far as the authors could deteremine no other study has reported the OP of dye solutions as possible DS. The only other related studies are that of Han et al. (2016) which reported on the potential treatment of textile wastewater using FO, but did not report on the OP of the textile wastewater, and that of Zhao et al. (2015) that reported on using polyacrylamide as a draw solute to treat dye wastewater. Even in this study only the OP of the polyacrylamide and KCl were reported and not that of the dyes or dye wastewater. Further studies will be conducted to determine the type and number of dye species formed (refered to as the colligative properties of the solution), which is important because they contribute directly to the OP of the solution and will be reported in a subsequent article once that data is available.
Dye as draw solute in forward osmosis experiment
From the data presented, Reactive Black 5 was selected as the DS at an intital concentration of 0.02 M with DI as a control FS. These experiments were conducted to evaluate dyes as a draw solute and were run until a pseudo steady-state was reached (i.e., no more water flux from the feed to the draw) to determine the maximum feed water recovery rate, while producing a target concentration dye solution (0.004 M) that can be used directly in the dye-bath in the textile industry. Figure 5 illustrates the OP of both feed and draw solutions over time. The initial OP gradient (i.e., driving force) was 16 586 kPa. The OP for FS increased over time while that of the DS decreased over time. The increase in the OP of the DI was attributed to reverse solute flux of the dye, while the decrease in OP of the DS was due to water flux across the FO membrane 
Figure 4
Correlation between osmotic pressure (OP) and molecular weight (M w 
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from the feed to the draw side, thereby diluting the DS. As shown in Fig. 5 
CONCLUSIONS
This study is part of a feasibility investigation on FO-based water saving in the textile industry. The results reported herein focus firstly on identifying and evaluating possible FSs and secondly evaluating and assessing basic and reactive dyes as potential and DSs. The OP of the dyes with salt generated higher OP than the dyes without salt. The OP trends for the basic dyes followed Blue >> Red > Turquoise and for the reactive dyes Black >> Olive > Carmine, which is also the same order of the dyes' M w . The overall OP trend was Black > Olive > Carmine > Blue > Red > Turquoise. The trend for the OP for the different dyeto-salt ratios is 1:60 > 1:50 > 1:40 > 1:30 > 1:20 > 1:10. The OP generated by the basic and reactive dye solutions at different concentrations, up to 0.2 M, and different dye-to-salt mass ratios, up to 1:60, ranged from 160 000 kPa (160 atm) to more than 1 000 000 kPa (1 000 atm). It is concluded that the OP of the dyes at different concentrations and different dye-to-salt ratios is influenced more by the dye chemistry and M w than by the type of dye (i.e., reactive vs basic). For both the basic and reactive dyes a linear relationship exists between OP and dye concentration; as well as between OP and M w . The dye DS exhibited greater OP than that of the FS evaluated, thus rendering them suitable draw solutions. Preliminary results demonstrated that Reactive Black 5 can used to extract water with a maximum recovery rate of 60% using DI water as the control.
Further studies will focus on the operation of the FO cell with the different dye solutions, as DS, against the alternative FS (brackishwater, seawater and textile wastewater). These studies will include an evaluation of the reclamation of water when TWW is used as the FS. It will also include an evaluation of whether dye solutions can be produced that can be used directly in the dyeing process, therefore eliminating the regeneration stage.
